The small ubiquitin-related modifier SUMO posttranslationally modifies many proteins with roles in diverse processes including regulation of transcription, chromatin structure, and DNA repair. Similar to nonproteolytic roles of ubiquitin, SUMO modification regulates protein localization and activity. Some proteins can be modified by SUMO and ubiquitin, but with distinct functional consequences. It is possible that the effects of ubiquitination and SUMOylation are both largely due to binding of proteins bearing specific interaction domains. Both modifications are reversible, and in some cases dynamic cycles of modification may be required for activity. Studies of SUMO and ubiquitin in the nucleus are yielding new insights into regulation of gene expression, genome maintenance, and signal transduction.
Reversible posttranslational modifications are widely used to dynamically regulate protein activity. Proteins can be modified by small chemical groups, sugars, lipids, and even by covalent attachment of other polypeptides. The most well-known example of a polypeptide modifier is ubiquitin. Posttranslational modification by ubiquitin plays a central role in targeting proteins for proteolytic degradation by the proteasome, although covalent attachment of ubiquitin to proteins can also regulate localization and/or activity independent of proteolysis. In addition to ubiquitin, there are several ubiquitin-like proteins (UbLs) that can also be conjugated to, and alter the function of, substrate proteins. One Ubl in particular, the small ubiquitin-related modifier (SUMO) has been shown to covalently modify a large number of proteins with important roles in many cellular processes including gene expression, chromatin structure, signal transduction, and maintenance of the genome. The enzymatic machinery that adds and removes SUMO is similar to, but distinct from, the ubiquitination machinery. Posttranslational modification by SUMO has not been generally associated with increased protein degradation. Rather, similar to nonproteolytic roles of ubiquitin, SUMO modification regulates protein localization and activity.
This review focuses on recent advances in our understanding of SUMO function and regulation, drawing on a limited set of examples relating to gene expression, chromatin structure, and DNA repair. Comparison of SUMO and ubiquitin activities in the nucleus reveals interesting differences in function and suggests surprising similarities in mechanism. Thus, for example, modification of transcription factors and histones by ubiquitin is generally associated with increased gene expression whereas modification of transcription factors and histones by SUMO is generally associated with decreased gene expression. In some cases, SUMO and ubiquitin may directly compete for modification of target lysines. Despite the different functional consequences associated with these modifications, current data supports the hypothesis that SUMO, like ubiquitin, largely functions to promote interactions with proteins that have little or no affinity for the unmodified substrate. Both SUMOylation and ubiquitination are reversible, and, in some cases, dynamic cycles of conjugation/deconjugation may be required for regulated activity. Advances in understanding the nonproteolytic roles of SUMO and ubiquitin in the nucleus are yielding new insights into regulation of fundamental cellular processes.
SUMO is structurally related to ubiquitin
Compared to posttranslational modifiers such as a phosphate or acetyl group, ubiquitin and ubiquitin-related proteins are structurally complex. Specific surface residues of ubiquitin participate in different ubiquitindependent interactions such as binding to the proteasome or components of the endocytic machinery (SloperMould et al. 2001) . NMR studies have shown that SUMO-1, which is 18% identical to ubiquitin, has a similar protein fold ( Fig. 1 ; Bayer et al. 1998 ). Importantly, despite the similar protein fold, the distribution of charged residues on the surface of SUMO is very different from that of ubiquitin or other UbLs. In addition, SUMO has an Nterminal extension not found in ubiquitin. These differences likely account for the finding that distinct enzymes mediate SUMO conjugation and deconjugation as well as the unique activities attributed to SUMO.
[Keywords: SUMO; ubiquitin; transcription; DNA repair; chromatin; nucleus] Four SUMO homologs have been described in mammals. SUMO-1 and SUMO-2/3 appear to modify both common and different substrates. Thus, some substrates may be simultaneously modified by SUMO-1 and SUMO-2 whereas RanGAP1, for example, is predominately modified by SUMO-1 and Topoisomerase II is predominantly modified by SUMO-2/3 (Saitoh and Hinchey 2000; Azuma et al. 2003; Vertegaal et al. 2004; Zhao et al. 2004) . The recently described SUMO-4 has a restricted pattern of expression with highest levels reported in the kidney (Bohren et al. 2004) . Currently, the mechanisms that determine selective modification by specific SUMO isoforms are not known, and the functional significance of modification by specific SUMO isoforms also remains to be determined.
The ability of ubiquitin to form polymeric chains, where two or more ubiquitins are covalently attached to one another, is critical for many biological activities of ubiquitin. Polymeric ubiquitin is structurally and functionally diverse because multiple lysines in Ub can each serve as a site of ubiquitin attachment. The well-known ability of ubiquitin to interact with the proteasome, for example, is largely a property of Lys 48-linked ubiquitin chains at least four subunits long. In contrast, SUMO is generally thought to function as a monomer. SUMO-1, SUMO-2 and SUMO-3, have been observed to form polymeric chains in vitro; however, the functional significance, if any, of SUMO chains in vivo has not been established (Johnson and Gupta 2001; Tatham et al. 2001; Pichler et al. 2002) . Monomeric SUMO provides all essential functions in yeast, as a mutant form of yeast SUMO lacking the major SUMO acceptor lysines is able to support yeast viability (Bylebyl et al. 2003) . Interestingly, a mutant form of SUMO-2 lacking the major site of SUMOylation differs from wild-type SUMO-2 in its ability to influence production of Amyloid ␤ peptide when overexpressed ). Thus, it remains possible that polymerization or other posttranslational modifications of SUMO may add complexity to SUMO function in mammalian cells.
The SUMOylation machinery
There are striking similarities between the machinery that attaches SUMO to substrate proteins and the enzymes that participate in ubiquitination ( Fig. 2; Pickart   Figure 1 . SUMO is highly related to ubiquitin. (A) Amino acid sequence alignments of ubiquitin and the four SUMO homologs from human. Identities are indicated in bold and similarities are shaded. A consensus motif for SUMOylation present in SUMO-2, SUMO-3, and SUMO-4 is boxed in yellow; the SUMO acceptor lysine (K) in this motif is boxed in red. Ubiquitin Lys 48 and Lys 63, which serve as common sites for ubiquitin polymerization, are boxed in red. The site of cleavage to produce the mature proteins with C-terminal glycine-glycine residues is also indicated. A polymorphism at position 55 in SUMO-4 (M55V) has been described in the human population (Bohren et al. 2004 ). (B) Ribbon diagrams highlight the similarity of the three-dimensional structures of SUMO-1 and ubiquitin (Bayer et al. 1998) . Secondary structure elements are indicated: ␤ sheets are green and ␣ helices are red. Notably, SUMO has an N-terminal extension not found in ubiquitin. Adapted with permission from a drawing by Peter Bayer (Bayer et al. 1998; Journal of Molecular Biology).
2001; K.I. . Ubiquitin and SUMO are each covalently attached to substrate proteins via an isopeptide bond between a C-terminal glycine in the UbL and a lysine residue in the substrate. The E1 activating and E2 conjugating enzymes involved in SUMOylation are highly related to the E1 and E2 enzymes that participate in ubiquitination. In contrast to the ubiquitin system where dozens of E2 enzymes have been identified, Ubc9 is the only known SUMO E2 conjugating enzyme. A consensus SUMO acceptor site has been identified consisting of the sequence ⌿KXE, where ⌿ is a large hydrophobic amino acid and K is the site of SUMO conjugation (Rodriguez et al. 2001) . Consistent with structural studies showing direct recognition of this consensus motif by the Ubc9 active site, recombinant E1, E2, and SUMO are sufficient for ATP-dependent SUMO modification of substrates in vitro (Bernier-Villamor et al. 2002) .
In the ubiquitin system, specificity and efficiency of ubiquitin transfer to substrates is dependent on the activity of a class of proteins termed ubiquitin E3 ligases (Pickart 2001) . Ubiquitin E3s of the HECT domain family transfer ubiquitin from the E2 to a cysteine in the HECT domain as an intermediate to transfer to a substrate lysine. The majority of ubiquitin E3 ligases, however, including a large family of proteins containing a RING domain, are thought to function not as enzymes but as adaptors. These ubiquitin E3 ligases interact with both the E2 and the substrate, bringing the two together and thereby increasing the efficiency of ubiquitin transfer. Although some ubiquitin E3s function as single polypetides, many, such as the anaphase promoting complex (APC) and E3s of the SCF family, are surprisingly large multiprotein complexes with distinct subunits that mediate binding to the E2 and the substrate.
Several SUMO E3 ligases have been identified that promote transfer of SUMO from the E2 to specific substrates. Although not required for SUMOylation in vitro, SUMO E3 ligases may be important in regulating substrate selection in vivo, particularly for substrates that lack consensus SUMO acceptor motifs. To date, three unrelated proteins have been suggested to have SUMO E3 ligase activity: RanBP2, the PIAS proteins, and the polycomb group protein Pc2. Although these are termed "ligases", these SUMO E3s most likely function as adaptors. RanBP2 and the PIAS proteins interact with the SUMO E2 conjugating enzyme Ubc9 and promote transfer of SUMO from Ubc9 to substrate proteins (Johnson and Gupta 2001; Kahyo et al. 2001; Takahashi et al. 2001; Pichler et al. 2002) . The E3 activity of RanBP2 is specific: RanBP2 stimulates SUMO modification of some substrates such as RanGAP1 and Sp100 but not others such as p53 . Notably, the different SUMO E3 ligases identified to date have distinct subcellular localizations: RanBP2 is associated with the nuclear pore complex, the PIAS proteins are found in the nucleoplasm and nuclear bodies, and Pc2 is found in a subnuclear structure called a Polycomb body (Sachdev et al. 2001; Kotaja et al. 2002; Pichler et al. 2002; Kagey et al. 2003) . Localization of the SUMO E3 ligases is likely to contribute to functional specificity in vivo.
The PIAS proteins were initially described as protein inhibitors of activated STATs and subsequent studies have shown that the PIAS proteins influence the activity of many transcription factors (Chung et al. 1997; Liu et al. 1998; Kotaja et al. 2000; Gross et al. 2001 ). Similar to a large class of E3 ubiquitin ligases, the PIAS proteins contain a RING finger motif that is required for their SUMO E3 ligase activity Sachdev et al. 2001) . Studies of PIAS proteins bearing mutations in the RING domain suggest that the PIAS proteins have both E3 SUMO ligase-dependent and -independent activities (Sachdev et al. 2001; Megidish et al. 2002; Gross et al. 2004) .
Given the widespread use of large multiprotein E3s in the ubiquitin system, it is tempting to speculate that multiprotein E3s may be important for substrate selection in the SUMO pathway as well. Recent studies of the polycomb group protein Pc2 are consistent with the proposal that Pc2 may be a component of a multiprotein SUMO E3 ligase (Kagey et al. 2003) . Polycomb group proteins form multiprotein complexes that repress gene Figure 2 . The SUMO conjugation pathway. The SUMO precursor is cleaved by SUMO-specific proteases (SENPs) with C-terminal hydrolase activity to expose a C-terminal glycine-glycine. In an ATP-dependent reaction, mature SUMO forms a thioester conjugate with the heterodimeric SUMO E1 activating enzyme Aos1/Uba2. SUMO is then transferred to the SUMO E2 conjugating enzyme Ubc9, with which it also forms a thioester intermediate. From Ubc9, SUMO is conjugated to a substrate protein via an isopeptide bond with a lysine residue (K). Several unrelated SUMO E3 ligases have been shown to stimulate transfer of SUMO from Ubc9 to specific substrates. SUMO E3 ligases may function as single polypeptides or as multiprotein complexes (see text). SUMO modification is reversible and SUMO is removed from substrates by SUMO-specific proteases (SENPs) with isopeptidase activity. expression through alterations of chromatin structure. Although recombinant E1, E2, and SUMO are sufficient for SUMOylation of the transcriptional corepressor CtBP-1 in vitro, expression of Pc2 increased SUMO modification of CtBP-1 in vivo (Kagey et al. 2003) . Transfected Pc2 was shown to colocalize Ubc9, SUMO, and CtBP-1 in a subnuclear structure called a polycomb group (PcG) body. The stimulatory effect of Pc2 in in vitro SUMOylation reactions was modest and direct interactions between Pc2 and the E2 Ubc9 have not been reported. These data are most consistent with a model in which Pc2 functions as part of a multiprotein SUMO E3 complex, although other models are possible. Multiprotein SUMO E3 ligases present a challenge to characterization, as individual subunits are not expected to have full E3 activity and definitive proof may await demonstration that the complex has SUMO E3 ligase activity in vitro. It is likely that additional SUMO E3 ligase activities, including multiprotein E3 complexes, await discovery.
Modification of proteins by ubiquitin and SUMO is dynamic and reversible. SUMO-specific proteases participate in both processing of immature SUMO and removal of SUMO conjugates from substrates ( Fig. 2) . Both SUMO conjugation and deconjugation have been shown to be required for cell cycle progression in yeast. Thus, one of the two SUMO proteases in yeast, Ulp1, is essential for cell proliferation, and expression of a processed form of SUMO does not complement loss of Ulp1 (Li and Hochstrasser 1999; Taylor et al. 2002) . To date, four mammalian homologs of Ulp1, SENP1, SENP2, SENP3, and SENP6, have been shown to have SUMO-specific protease activity (Gong et al. 2000; Kim et al. 2000; Nishida et al. 2000 Nishida et al. , 2001 . Although both the known SUMO-specific proteases and the ubiquitin-specific proteases are cysteine proteases, these enzymes share no sequence similarity. The mammalian SUMO proteases have been found to have distinct subcellular localizations: SENP1 has been localized to the nucleoplasm and nuclear bodies, SENP2 has been found at the nuclear pore, SENP3 localized to the nucleolus, and SENP6 was cytoplasmic (Gong et al. 2000; Kim et al. 2000; Nishida et al. 2000; Bailey and O'Hare 2002; Hang and Dasso 2002) . Studies in both yeast and mammalian systems suggest that subcellular localization contributes to substrate selection by the SUMO proteases in vivo (Gong et al. 2000; Hang and Dasso 2002; Li and Hochstrasser 2003) . Undoubtedly, future studies will reveal more about the functional specificity of the different SUMO proteases in mammals.
Functions of SUMO
Since the identification of the first SUMO-modified protein, RanGAP, in 1996 (Matunis et al. 1996) , a large number of proteins have been shown to be posttranslationally modified by SUMO and new substrates of SUMO-modification continue to be identified at a rapid pace. Many of the known targets of SUMOylation are nuclear proteins with important roles in regulating transcription, chromatin structure, and DNA repair. Furthermore, the nuclear targets of many signaling pathways including TGF␤, wnt, and cytokines are posttranslationally modified by SUMO. Some of the many proteins now known to be modified by SUMO are shown in Figure 3 . It is interesting to note that some of these same proteins are also posttranslationally modified by ubiquitin, often with different consequences (Table 1) . In some cases, SUMO modification has been shown to compete with ubiquitination or acetylation for common lysine residues. In most cases SUMO modification is likely to regulate protein-protein interactions. Although much remains to be learned about the mechanisms by which SUMO modification alters substrate protein activity, it is clear that posttranslational modification by SUMO regulates activity and/or localization of proteins with important roles in cell proliferation, differentiation, and apoptosis.
SUMO regulates nuclear and subnuclear localization
Posttranslational modification by SUMO has been shown to regulate subcellular localization of many targets including RanGAP, the first identified SUMO substrate (Matunis et al. 1996) . RanGAP is a small GTPaseactivating protein that plays a role in nuclear import. Unmodified RanGAP is cytoplasmic, whereas SUMOmodified RanGAP is associated with the nuclear pore (Matunis et al. 1996; Mahajan et al. 1997) . SUMO modification of RanGAP greatly increases its interaction with RanBP2 (also known as Nup358), a component of the nuclear pore complex and a SUMO E3 ligase . Increased binding of SUMO-modified RanGAP to RanBP2 requires both SUMO conjugation and regions of RanGAP outside the SUMO acceptor site ). This finding suggests that SUMO-modified RanGAP presents a unique protein interaction surface due to either presentation of elements from both RanGAP and SUMO or a structural rearrangement of RanGAP induced by the modification. Although the RanGAP homolog in budding yeast is not SUMOylated, the SUMO conjugation pathway has also been shown to play a role in nuclear trafficking in this organism (Stade et al. 2002) . In mammalian cells, SUMO modification of several substrates has been linked to nuclear import. In the case of the IKB kinase regulator NEMO, for example, fusion of NEMO to SUMO was sufficient for localization to the nucleus . Localization of the RanBP2 SUMO E3 ligase at the nuclear pore may contribute to a broad role for SUMO in regulation of nuclear trafficking (for review, see Melchior et al. 2003) .
Another well-characterized example of SUMO-dependent changes in subcellular localization comes from studies of the tumor suppressor PML. PML was originally identified as part of a fusion protein with RAR␣ resulting from a chromosomal translocation associated with acute promyelocytic leukemia. Wild-type PML, which is posttranslationally modified by SUMO, is present in a subnuclear structure called the PML nuclear body. Many other SUMO-modified proteins including transcription factors, chromatin modifiers, and proteins involved in genomic maintenance have also been found in PML nuclear bodies (Zhong et al. 2000b) . Notably, both SUMO E3 ligases and SUMO-specific proteases have also been found to localize in PML nuclear bodies (Sachdev et al. 2001; Best et al. 2002; Kotaja et al. 2002) . Mutation of the SUMO acceptor lysines in PML or overexpression of a SUMO protease causes nuclear body components such as CBP or Sp100 to relocalize in the nucleus (Zhong et al. 2000a; Best et al. 2002) . These findings suggest that SUMO-modified PML supports some protein-protein interactions important for assembly or stability of this subnuclear domain. Although the function of the PML nuclear body remains a subject of active investigation, disruption of PML nuclear bodies is asso- ciated with changes in cell proliferation, differentiation, and survival (Zhong et al. 2000b ). The existence of multiple SUMO isoforms in mammals may add complexity to the role of SUMO in localization. Immunostaining has revealed that SUMO-1 and SUMO-2/3 have partially overlapping but distinct patterns of localization (Saitoh and Hinchey 2000) . Attachment of SUMO-1 or SUMO-3 to the transcription factor SATB2 by gene fusion resulted in distinct patterns of subnuclear localization with SUMO-1-SATB2 localizing to nuclear dots and SUMO-3-SATB2 to the nuclear periphery (Dobreva et al. 2003) . Although SUMO has properties of a cellular address label, clearly substrate protein sequences also contribute to localization, as SUMO-1-modified PML and Ran-GAP have different localization patterns, and, in many cases, SUMO modification has not been observed to alter protein localization. Thus, for example, LEF1 localization in nuclear bodies correlates with binding to the SUMO E3 ligase PIASy, but does not require SUMO modification of LEF1 (Sachdev et al. 2001) . In another example, although Sp100 is a SUMOmodified protein that colocalizes with PML, SUMOylation of Sp100 itself is not required for localization of this protein to the nuclear body .
The role of SUMO in regulating subcellular localization is very reminiscent of similar activities of monoubiquitin. Studies of the Fanconi Anemia protein FANCD2 have shown that monoubiquitin also regulates subnuclear localization (Garcia-Higuera et al. 2001) . Fanconi Anemia is a cancer susceptibility disorder associated with sensitivity to DNA damage. The FANCD2 protein is monoubiquitinated in response to DNA damage. Posttranslational modification by monoubiquitin causes the FANCD2 protein to relocalize from a diffuse nuclear pattern to discrete nuclear foci. Monoubiquitinated FANCD2 colocalizes with the BRCA1 tumor suppressor. The other gene products implicated in Fanconi Anemia are required for monoubiquitinaton of FANCD2, suggesting that defects in this posttranslational modification are central to the disease.
Outside the nucleus, monoubiquitination plays an important role in endocytosis of many cell surface receptors (for review, see Schnell and Hicke 2003) . In this pathway, monoubiquitin itself carries an internalization signal that is recognized by proteins that directly bind noncovalently to ubiquitin. Several ubiquitin-binding domains have been characterized including the ubiquitin-associated domain (UBA), ubiquitin interacting motif (UIM), ubiquitin E2 variant (UEV), and Cue-1 homologous (CUE; for review, see Schnell and Hicke 2003) . Although little is known about the structure or function of SUMO recognition motifs, several proteins have been shown to bind noncovalently to SUMO and at least one SUMO interacting motif (SIM) has been identified (Minty et al. 2000; Ahn et al. 2001; Hardeland et al. 2002; Lin et al. 2002; Engelhardt et al. 2003; Rosendorff et al. 2004) . Noncovalent binding of the PIAS SUMO E3 ligases to SUMO-modified proteins has been suggested to contribute to regulation of transcription by PIAS proteins, independent of their E3 ligase activity (Kotaja et al. 2002) .
Thus it is possible that, similar to ubiquitin, many of the effects of SUMO modification on substrate proteins, including altered localization and activity, result from direct binding of conjugated SUMO by proteins containing SUMO-binding domains (Fig. 4) .
SUMO regulates gene expression
Many of the SUMO-modified proteins identified to date are promoter-specific transcription factors, coactivators, or corepressors (see Fig. 3 ). Although the effects of SUMO modification on transcription factor activity are varied, in the majority of cases that have been described to date, attachment of SUMO appears to repress the activity of transcriptional activators (for reviews, see Gill 2003; Verger et al. 2003) . The transcription factor Sp3, for example, has been shown to be SUMO modified in vivo and removal of SUMO by mutation of the Sp3 acceptor lysines or cotransfection with a SUMO protease dramatically increased transcriptional activity of Sp3 (Ross et al. 2002; Sapetschnig et al. 2002) . These findings suggest that SUMO modification may contribute to the complex activity of Sp3, which has long been known to function as both an activator and a repressor of transcription dependent on context. The major site of SUMO modification in Sp3 lies within a previously defined inhibitory domain. Similarly, the sites of SUMO attachment in many transcription factors, including C/EBP proteins, Elk-1, c-Myb, and steroid hormone receptors, have also been mapped to regions previously shown to function as inhibitory domains (Poukka et al. 2000; Abdel-Hafiz et al. 2002; Bies et al. 2002; J. Kim et al. 2002; Tian et al. 2002; Subramanian et al. 2003; Yang et al. 2003) . Thus, SUMO modification may function to repress activation by many transcription factors. It is curious to note that SUMO modification of transcription factors and histones (see below) has been generally suggested to repress gene expression, whereas, aside from its role in protein degradation, ubiquitin modification of transcription factors and histones has been generally associated with gene activation (Fig. 4) .
SUMO modification could negatively regulate transcription factor activity through altered interactions with DNA, chromatin, or other proteins. SUMO modification has been suggested to stimulate DNA binding by HSF Hong et al. 2001 ). For several transcription factors, however, including LEF, Sp3, and Ttk69, SUMO modification does not alter DNA-binding activity in vitro Sachdev et al. 2001; Sapetschnig et al. 2002) . The effects of SUMO modification on association of transcription factors with DNA in vivo are largely unknown. Mutation of the SUMO acceptor lysines in SATB2 was found to stimulate binding to the endogenous immunoglobulin heavy chain gene, suggesting that SUMO modification may reduce chromatin association of this factor (Dobreva et al. 2003) . Although SUMO regulates localization of many transcription factors, a "sequestration" model, whereby SUMO modification causes relocalization of the transcription factor to a subnuclear domain where it cannot access the DNA template, is not likely to be generally applicable. SUMO-modified proteins are not generally excluded from chromosomal DNA, as immunostaining of Drosophila polytene chromosomes revealed SUMO association with multiple discrete loci .
Current findings support the view that, in many cases, SUMO modification inhibits transcription-factor activity by promoting interactions with proteins that repress transcription. In several contexts SUMO-dependent repression of transcription has been observed, suggesting that SUMO-modified transcription factors bound at the promoter actively participate in repression (J. Ross et al. 2002; Holmstrom et al. 2003; Yang et al. 2003) . Furthermore, recruitment of SUMO to a promoter, in the context of a Gal4-SUMO fusion, is sufficient for repression, suggesting that SUMO itself can directly bind transcriptional (co)repressors (Ross et al. 2002; Yang et al. 2003) . Consistent with this hypothesis, SUMO modification of the transcription factor Elk-1 has been shown to increase association with the histone deacetylase HDAC2 and this has been correlated with a decrease in histone acetylation at the repressed promoter (Yang and Sharrocks 2004) . Similarly, SUMO-modified p300, but not unmodified p300, has been shown to bind the histone deacetylase HDAC6 (Girdwood et al. 2003) . Other corepressors, in addition to the HDACs, may also be recruited to promoters dependent on SUMO (Fig. 4) . Studies of the mechanisms by which SUMO modification regulates transcription-factor activity are complicated by the fact that in many cases not only the activator but also its associated coactivators, and/or corepressors, are modified by SUMO (Fig. 3) . It is possible that association of multiple SUMO-modified proteins in a complex may amplify effects of experimental alterations in the SUMOylation machinery or mask effects of mutation of individual SUMO acceptor lysines. If SUMO functions to promote interactions important for transcriptional repression, it may not matter exactly which subunit in a transcription factor complex is SUMO modified, so much as that SUMO is conjugated to one or more subunits in the complex. According to this view, it is modification of the complex per se that is important for regulation (Jackson 2001 ). An intriguing aspect of SUMO-dependent changes in transcription factor activity is the observation that SUMO may have promoter context-dependent effects. In particular, it has been suggested that SUMO modification may specifically interfere with the ability of some transcription factors to function synergistically when bound at multiple sites in a promoter (Holmstrom et al. 2003) . Previous studies of the glucocorticoid receptor (GR) identified a region referred to as a synergy control (SC) motif, mutation of which led to an increase in the activity of GR from promoters bearing multiple, but not single, sites (Iniguez-Lluhi and Pearce 2000). The SC motif contains a consensus SUMO acceptor site, ⌿KXE, and recent data have shown that this is, in fact, the major site of SUMO conjugation in GR (Le Drean et al. 2002; Tian et al. 2002) . Synergy control motifs identified in several other transcription factors, such as the Androgen receptor and C/EBP␣, have also been shown to be sites of posttranslational modification by SUMO (Poukka et al. 2000; Subramanian et al. 2003) . Strikingly, mutation of the SUMO acceptor site in GR or overexpression of SUMO-1 has been shown to increase activity from some GR target promoters but not others (Le Drean et al. 2002; Tian et al. 2002; Holmstrom et al. 2003) . These findings suggest that SUMO modification of transcription factors may not function as a simple "ON/OFF" switch but may provide more subtle, context-dependent, regulatory input to modulate gene expression.
Posttranslational modification by ubiquitin is an important regulator of transcription factor activity (Conaway et al. 2002; Muratani and Tansey 2003) . The most well-characterized mechanism of ubiquitin-dependent regulation is the control of transcription factor stability by ubiquitin-mediated proteasomal degradation. Recent studies have suggested that ubiquitination may also regulate transcription factor activity by additional mechanisms. The myc transcription factor, for example, is rapidly turned over by ubiquitin-dependent proteolysis. The SCF-Skp2 ubiquitin E3 ligase promotes ubiquitination and degradation of myc (Kim et al. 2003; von der Lehr et al. 2003) . Surprisingly, Skp2, the specificity subunit of the ubiquitin ligase, is also required for mycdependent activation of target genes. Thus, ubiquitination may regulate both activation and destruction of myc. Similarly, activation by a chimeric activator bearing the activation domain of the Herpes Simplex virus protein VP16 required the activity of an ubiquitin E3 ligase (Salghetti et al. 2001) . In this case, direct fusion of ubiquitin to the activator bypassed the requirement for the ubiquitin ligase. This and other studies raise the possibility that ubiquitin may participate directly in protein interactions to promote transcription (Fig. 4) .
Ubiquitin modification has also been suggested to have promoter-specific effects on transcription factor activity. The yeast transcription factor Met4 activates expression of genes required for methionine biosynthesis (MET genes) as well as several other groups of genes including those required for S-adenosylmethionine biosynthesis (SAM genes). In minimal media, addition of methionine leads to ubiquitination and degradation of Met4 and a corresponding reduction in MET gene expression (Rouillon et al. 2000) . In rich media, Met4 is also ubiquitinated and MET gene expression reduced, even though the Met4 protein is stable under these conditions (Kaiser et al. 2000) . Strikingly, under these conditions ubiquitin-modified Met4 is not recruited to the MET genes, but is recruited to the SAM genes (Kuras et al. 2002) . Thus, ubiquitin modification regulates contextdependent activity of the Met4 transcription factor. In mammalian cells, monoubiquitination of the mammalian coactivator CTIIA has been suggested to increase assembly of CTIIA into a functional complex at the promoter (Greer et al. 2003) . Posttranslational modification by ubiquitin or the ubiquitin-like protein SUMO may therefore regulate cooperative assembly of transcription factors at particular promoters by as yet to be determined mechanisms.
SUMO and ubiquitin modify histones
Posttranslational modification of histones by phosphorylation, acetylation, methylation, and ubiquitination regulates chromatin structure and dynamics (Jenuwein and Allis 2001) . To add further complexity, histone H4 has recently been shown to be modified by SUMO (Shiio and Eisenman 2003) . The site of SUMOylation in histone H4 has not been reported; however, the N-terminal tail was found to be a substrate for SUMO modification in vitro. As with other histone modifications, it is not clear if SUMOylation directly affects nucleosomal structure or packing or whether this modification serves to promote (or inhibit) interaction with nonhistone proteins, or both. Although the functional consequences of H4 SUMO modification on chromatin structure and gene expression are not yet understood, SUMO-modification of histones has been suggested to contribute to transcriptional repression. Targeting the SUMO E2 conjugating enzyme Ubc9 to DNA was found to increase levels of SUMO at the promoter (although not necessarily conjugated to histone H4) and repress transcription (Shiio and Eisenman 2003) . Furthermore, covalent attachment of SUMO to histone H4 by gene fusion was found to increase association with HDAC1 and HP1, two transcriptional corepressors. Analysis of SUMO-dependent changes in chromatin structure will undoubtedly be complicated by the fact that many of the enzymes that regulate histone modifications, such as histone acetyltransferases and deacetylases, are themselves SUMO modified (Fig. 3) .
Monoubiquitination of histone H2B in yeast regulates gene expression and telomeric silencing (Muratani and Tansey 2003) . Studies of how ubiquitin modification of histones impacts chromatin structure and gene expression have provided two surprising mechanistic insights that may be relevant to understanding how conjugation of SUMO or ubiquitin regulates activity of many substrates. A major advance in understanding how monoubiquitination affects the nucleosome came with the demonstration by several groups that monoubiquitination of histone H2B in yeast is required for methylation
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Cold Spring Harbor Laboratory Press on September 28, 2017 -Published by genesdev.cshlp.org Downloaded from of histone H3 at Lys 4 and Lys 79 (Briggs et al. 2002; Dover et al. 2002; Ng et al. 2002; Sun and Allis 2002) . Although the mechanisms by which ubiquitination promotes methylation are incompletely understood, recruitment of proteasomal ATPases by ubiquitin-modified H2B has been implicated in this process (Ezhkova and Tansey 2004) . Thus, these studies have shown that monoubiquitination of a protein can regulate the appearance of other posttranslational modifications in a tightly associated protein.
Another important lesson from recent studies of histone ubiquitination concerns the transitory nature of the modification. Mutation of the site of ubiquitination in H2B, K123, leads to decreased expression from the Gal1 and Gal10 genes, suggesting that this modification contributes to full gene activation (Henry et al. 2003; Daniel et al. 2004) . Consistent with this, ubiquitin-modified H2B is associated transiently with the GAL1 gene during induction (Daniel et al. 2004) . Unexpectedly, the deubiquitinating enzyme Ubp8, which is a component of the SAGA coactivator complex, is also required for full induction of the Gal1 and Gal10 genes (Henry et al. 2003; Daniel et al. 2004) . These data suggest that, at some genes, addition and subsequent removal of ubiquitin from histone H2B are both required for full induction. Thus the reversible and transient nature of posttranslational modification by monoubiquitin is important for proper activity. A similar model of SUMO function has been proposed, in which sustained SUMO modification of a target is not required to achieve far-reaching consequences on protein activity (see below; Hardeland et al. 2002; Seeler and Dejean 2003) .
SUMO influences DNA repair
Many factors and enzymes associated with DNA replication and repair including yeast PCNA, the helicase WRN, Topoisomerases I and II, and the thymine-DNA glycosylase enzyme TDG, are posttranslationally modified by SUMO (for review, see Muller et al. 2004) . SUMO modification has been shown to regulate the subnuclear localization, protein-protein interactions, and activity of many factors involved in maintenance of the genome. Among these many examples, two are discussed here to illustrate how SUMO modification can regulate protein function. Studies of the yeast proliferating cell nuclear antigen (PCNA) highlight one strategy by which SUMO modification can impact protein function: competition with other modifications for a common lysine. Lys 164 in yeast PCNA is the major site of modification by both SUMO and ubiquitin; ubiquitination at this position is conserved in human PCNA although SUMO modification of human PCNA has not been described (Hoege et al. 2002; Kannouche et al. 2004) . Modification of yeast PCNA at K164 by ubiquitin or SUMO has been suggested to direct PCNA for alternative functions (Table 1 ; Hoege et al. 2002; Stelter and Ulrich 2003; Haracska et al. 2004) . Ubiquitination of PCNA is induced by DNA damage and monoubiquitinated PCNA is important for translesion synthesis repair whereas polyubiquinated PCNA promotes error-free DNA repair (Hoege et al. 2002; Stelter and Ulrich 2003; Kannouche et al. 2004 ). Monoubiquitination of human PCNA has been shown to promote interactions with the translesion polymerase pol (Kannouche et al. 2004) . Interestingly, this interaction involves both a PCNA-binding motif and a variant of the CUE ubiquitin-binding domain in pol. SUMOylation of yPCNA does more than prevent ubiquitin-dependent activities. SUMO modification of yPCNA has been suggested to increase activity of the translesion DNA polymerase and inhibit a recombination-dependent bypass mechanism during S phase (Stelter and Ulrich 2003; Haracska et al. 2004) . Additional studies are required for a more detailed understanding of how SUMO modification alters PCNA interactions and activities.
Another mechanism by which SUMO modification can impact protein function is exemplified by the thymine-DNA glycosylase enzyme (TDG), which plays an important role in base excision repair in response to certain forms of DNA damage. TDG removes thymine and uracil from mismatched G-T and G-U base pairs. Human TDG does not readily dissociate from its product in vitro; release of TDG is necessary, however, to allow repair of the abasic site generated by TDG. Human TDG has recently been shown to be posttranslationally modified by SUMO and to bind noncovalently to SUMO (Hardeland et al. 2002) . Strikingly, SUMO modification of TDG was found to alter its enzymatic properties. In particular, SUMO-modified TDG, although still possessing glycosylase activity, showed a reduced affinity for the DNA substrate. These and other observations support the hypothesis that the TDG reaction cycle is regulated by a SUMO-dependent conformational change (Fig.  5) . According to this model, unmodified TDG binds and excises a mutant base, then DNA-bound TDG becomes SUMO modified. SUMO-modified TDG has a reduced affinity for the DNA product, possibly due to a conformational change dependent on an intramolecular interaction between a SUMO-binding domain in TDG and the conjugated SUMO. SUMO proteases would then restore the released TDG to its unmodified state. According to this model, sequential regulated cycles of SUMO addition and removal are required for optimal enzyme activity. Although it is too early to say whether dynamic cycles of SUMOylation and deSUMOylation are important for full activity of other SUMO-modified proteins, this model could account for the common observation that, for many substrates, only a small fraction is present in the SUMO modified form despite significant effects of SUMO modification on activity.
Signaling to SUMO
Similar to other well-characterized posttranslational modifications, SUMO conjugation to substrate proteins is regulated in response to external stimuli. One striking example of this is the significant increase in incorporation of SUMO-2/3 into higher molecular weight conjugates in response to heat shock or oxidative stress (Saitoh and Hinchey 2000) . Under conditions of prolonged hypoxia, SUMO modification of the transcription factor CREB was increased, correlating with an increase in SUMO-1 mRNA expression under these conditions (Comerford et al. 2003) . SUMO modification of the IB kinase regulator NEMO is induced by DNA damaging agents . In addition to the observed changes in SUMO modification in reponse to stress, SUMO modification of several substrates is regulated downstream of well-characterized signal transduction pathways and during the cell cycle (Everett et al. 1999; Hoege et al. 2002; Yang et al. 2003) .
SUMOylation of several substrates is regulated by phosphorylation. Signal-dependent phosphorylation of the inhibitor of NFKB, IKB␣ inhibits SUMO modification in vitro even though this same modification stimulates ubiquitination (Desterro et al. 1998 ). Phosphorylation has been suggested to negatively regulate SUMO modification of PML and p53, whereas phosphorylation has been correlated with increased SUMOylation of HSF1 in response to heat shock (Muller et al. 1998 Hietakangas et al. 2003) . Phosphorylation has been suggested to contribute to the regulation of PML SUMOylation during the cell cycle (Everett et al. 1999) . Activation of the MAPK (mitogen-activated protein kinase) pathway was observed to reduce SUMOylation of the transcription factor Elk-1 (Yang et al. 2003) . Because MAPK-dependent phosphorylation of Elk-1 stimulates activation whereas SUMO modification of Elk-1 is associated with repression, this finding suggests that the MAPK pathway coordinately derepresses and activates Elk-1. Of particular interest is the observation that several kinases, including dCamKII, DdMEK1, HIPK2, and FAK, are posttranslationally modified by SUMO and, in some cases, SUMO has been reported to regulate kinase localization and/or activity (Kim et al. 1999; Long and Griffith 2000; Sobko et al. 2002; Kadare et al. 2003) . These examples suggest that cross-talk between the phosphorylation and SUMOylation pathways may be extensive and of fundamental importance in signal transduction.
Cross-talk between the sumoylation, ubiquitination, and acetylation pathways is also likely to be important for signal-dependent regulation of protein activity. Several proteins have been shown to be modified at a common lysine by ubiquitin, acetylation, or SUMO (Desterro et al. 1998; Braun et al. 2001; Hoege et al. 2002; Ross et al. 2002; Sapetschnig et al. 2002) . In the cases documented to date, modification of a specific lysine by ubiquitin or SUMO has distinctly different, sometimes opposing, consequences (Table 1) . Although competition for common lysines may be one aspect of regulation by SUMO and other modifiers, there are additional, and probably more important, mechanisms for cross-talk between these pathways. Acetylation has been suggested to enhance SUMOylation of histone H4 (Shiio and Eisenman 2003) . Furthermore, several enzymes that add or remove acetyl groups (HATs and HDACs, respectively) are posttranslationally modified by SUMO, and SUMOylation has been reported to regulate localization and/or activity of some of these enzymes (David et al. 2002; Kirsh et al. 2002; Girdwood et al. 2003) . SUMO modification of HDAC-1, for example, appears to stimulate deacetylase activity and transcriptional repression by this enzyme (Table 1 ; David et al. 2002; Cheng et al. 2004 ). SUMO has also been shown to modify the E3 ubiquitin ligase MDM2 and additional interactions between ubiquitin and SUMO pathway enzymes have been described (Buschmann et al. 2001; Hoege et al. 2002; Miyauchi et al. 2002; Xirodimas et al. 2002) . The functional consequences of SUMOylation on ubiquitin pathway components is largely unknown. Furthermore, it is not known whether the activity of the proteins that mediate SUMO conjugation and deconjugation are themselves subject to regulation by posttranslational modification. Increased understanding of how posttranslational modification by SUMO is integrated into the complex web of signaling pathways involving other posttranslational modifications may yield surprises about wellknown signaling pathways. . Dynamic cycles of SUMO conjugation and deconjugation may regulate DNA repair. In this model, the reaction cycle of the DNA-repair enzyme thymine-DNA glycosylase (TDG) is regulated by a SUMO-dependent conformational change (based on studies in Hardeland et al. 2002) . Unmodified TDG is shown to bind a mutant base pair (1) and excise the appropriate base (2). (3) Product-bound TDG is then posttranslationally modified by SUMO, possibly stimulated by the next enzyme in the pathway, (AP)-endonuclease (APE1). SUMO modification is proposed to induce a conformational change in TDG possibly due to an intramolecular interaction between a SUMO-binding domain (SBD) in TDG and the conjugated SUMO. (4) SUMO-modified TDG has a reduced affinity for DNA and is released. APE1 and subsequent enzymes can then repair the DNA lesion. (5) Removal of SUMO by SUMO-specific proteases regenerates unmodified TDG so that the cycle can begin again. Dynamic SUMOylation/deSUMOylation may be important for regulated activity of many SUMO substrates. Adapted from Hardeland et al. (2002; The EMBO Journal; http://www.nature.com/emboj).
SUMO and disease
As discussed here, although posttranslational modification by ubiquitin and SUMO generally have very different effects on substrate proteins, the pathways that add and remove SUMO, as well as the mechanisms by which SUMO conjugation regulates localization and activity of substrate proteins, share many similarities with ubiquitin. The finding that SUMO substrates include many proteins with important roles in regulating cell proliferation and differentiation suggests that, like ubiquitination, altered SUMOylation may contribute to disease onset or progression. In fact, recent data suggest that several diseases including pathogenic infection, cancer, and neurodegenerative disorders are associated with alterations in SUMOylation. The cellular SUMOylation system is exploited by several viral and bacterial pathogens to favor replication and infection (Wilson and Rangasamy 2001) . One striking example is the finding that the YopJ protein of Yersinia pestis, the bacterial agent for the Black Plague, encodes a SUMO protease homolog whose activity contributes to inhibition of the host immune response (Orth et al. 2000) . The observation that the activity and/or localization of several tumor supressors and oncogenes is regulated by SUMO modification raises the possibility that alterations in the SUMO conjugation machinery or alterations in SUMO modification of specific substrates may contribute to cancer. Although this hypothesis requires further investigation, it is interesting to note that in acute promyelocytic leukemia, the PML-RAR␣ fusion protein is not SUMO modified whereas arsenic trioxide, an effective treatment for this disorder, restores SUMOylation of the fusion protein (Muller et al. 1998) . SUMO has been shown to localize to intranuclear inclusions that characterize several neurodegenerative diseases (Terashima et al. 2002; Ueda et al. 2002; Pountney et al. 2003) . Overexpression of SUMO-2 influences processing of the ␤-amyloid precursor protein, an event implicated in the onset of Alzheimer's disease, and genetic manipulation of the SUMO conjugation pathway in Drosophila indicates that SUMOylation contributes to neurodegeneration in at least two polyglutamine repeat diseases, spinal and bulbar muscular atrophy (SBMA) and Huntington's (Chan et al. 2002; Steffan et al. 2004 ). Thus, in addition to the possibility of revealing new insights into the mechanisms that regulate gene expression, genome maintenance, and signal transduction, an increased understanding of the regulation and function of the posttranslational modifier SUMO may provide new targets for therapeutic intervention in several human diseases.
